Electrocoagulation is a technique basically applied in water and wastewater treatment, but which has a number of potential applications in polymer, protein, drug, and vaccine delivery. In this work, we correlate the current applied between the electrodes to the removal of phenolic compounds or protein from aqueous solutions, but the principle can also be applied to other biological compounds such as plant pigments and sugars. Simple and time-dependent models were developed based on the complex formation between these biological substances and the aluminium hydroxide gel phase. The models developed represent a good agreement with experimental data (R 2 as high as 0.992). Besides construction of the models, the effect of pH on the efficiency of removal of proteins and phenolic compounds was evaluated. It was found that this parameter has significant effect on the efficiency of the electrocoagulation and the maximal removal efficiency for bovine serum albumin and phenolic compound catechin was observed at pH 8.0. V
Introduction
When purifying natural products from plants substances such as carbohydrates, pigments and phenolic compounds must usually be removed from the crude extracts so that the desired metabolites may be obtained. This is of the utmost importance, especially when the extracted plant part is the leaves, which contain large amounts of phenolic compounds. Conventional methods for removing these substances are solvent extraction and chromatography, with the large amounts of one or more toxic organic solvents used in both methods. If the product to be purified is a protein, the use of the majority of organic solvents is not even an option, as they cause denaturation of proteins. An alternative to these methods would be electrocoagulation, an electrochemical method in which coagulates of metal hydroxides are generated by the electrodissolution of a metal from an electrode during electrolysis. This method, commonly used in wastewater treatment, is currently experiencing both increased popularity and considerable technical improvement. Successful removal of pigments and phenolic compounds from crude plant extracts has already been reported. 1, 2 The reactions occurring during electrocoagulation when aluminium is used as the material for the electrodes are the generation of aluminium ions on the anode (Al ! Al 3þ þ 3e À ) and hydrogen and hydroxide ions on the cathode (2H 2 O þ 2e À ! H 2 þ 2OH À ), as proposed by Chen. 3 Because hydrogen leaves the system in the form of hydrogen gas and the aluminium hydroxide formed during electrocoagulation precipitates, the general reaction (Eq. 1) can be described as
The hydrolyzed aluminium can form large insoluble networks of aluminium hydroxide (gel), which can chemically adsorb the desired substances. 4 Therefore, the efficiency of the method depends largely on the rate of aluminium hydroxide formation.
One fact to be considered, especially when working with proteins, is the heating of the solution, because a high temperature promotes protein denaturation. To avoid heating, the lowest possible difference in potential between the electrodes (Eq. 2) should be applied.
In addition, a high concentration of electrolytes in the proximity of the electrodes contributes to the local heating of the solution. This effect can be overcome by using an alternating current 5 and mixing the solution during the process. Because the conductivity of the solution depends on electrolyte concentration and to a lesser extent on pH 2 , these parameters will also affect the current and difference in potential applied between the electrodes during the electrocoagulation process. However, it has been proven that the rate of formation of aluminium ions is practically constant in the pH range from 4 to 10. 6, 7 Relatively, little effort has been made to better understand the fundamental mechanisms of the process, [8] [9] [10] particularly those that could provide design parameters, such as current applied, to optimize the performance of this relatively inexpensive technique. 8, 11 In the present work, we studied the correlation of the alternating current applied in the removal of a phenolic compound (catechin) and a protein (bovine serum albumin or lyzozyme) by electrocoagulation and developed a mathematical model describing the removal of these biological compounds from aqueous solutions. Besides construction of the model, the effect of pH on the efficiency of removal of proteins and phenolic compounds was evaluated.
Theoretical considerations
During electrocoagulation aluminium hydroxide gel is formed, and therefore we can consider that the system consists of an aluminium hydroxide gel phase and a much larger aqueous phase.
If a constant current is applied during the electrocoagulation process, the rate of aluminium hydroxide formation is constant 12 and can be expressed by the rate of hydrolysis reaction (m A1(OH) 3 ), where k 1 is the reaction rate coefficient and n is the reaction order (Eq. 3).
The concentration of aluminium ion, which is the reactant in the reaction for aluminium hydroxide formation (Eq. 1), is constant during the whole process and dependent on the current applied (Eq. 4). 13 By replacing the concentration of aluminium ion by the current in Eq. 3, Eqs. 5 (rate of aluminium hydroxide formation-m A1(OH) 3 ) and 6 (mass of aluminium hydroxide formed during the process-m A1(OH) 3 ) are obtained.
Our model assumes that the main mechanism of the process is similar to the one of the ion exchange, where the complex formation between the aluminium hydroxide gel and the biological compound can be described either by stoichiometric or non-stoichiometric models. 14 The non-stoichiometric models are based on mass-action law and are applicable for the trace concentrations of the compounds to be removed, as they occupy only the small part of sites available on the gel surface. In other words, the partition of the compound between the two phases during the whole process is presumed as described by Eq. 7. As the compound to be removed is not generated or consumed during the process, the initial amount of compound is distributed between the aqueous and the aluminium hydroxide gel phase (Eq. 8).
By substituting Eqs. 6 and 8 into Eq. 7, we get Eq. 9 describing the concentration of the component to be removed during the electrocoagulation process
in which k i,non-sto is a selectivity constant for non-stoichiometric model for a given component. The reaction rate coefficient, electrocoagulation conditions, and dimensions of the cell as well as the affinity of the compound towards the aluminium hydroxide are all contained within the selectivity constant k i,non-sto , which generally speaking represents the selectivity of the process towards the compound. Equation 9 also suggests that removal of the desired component is affected by the current applied during the electrocoagulation process.
The stoichiometric models are applicable to compounds at moderate concentrations which will, therefore, occupy a major part of the sites available for the aluminium hydroxide gel. These models are based on the equivalent capacity of the resin determined by the sum of the number of moles of the compound complexed or adsorbed per unit amount of the resin (Eq. 10).
During the whole process the mass balance of the component is constant (Eq. 11)
where V represents the total volume of solution and c i,0 the initial concentration of the compound. Therefore, the concentration of the compound present in the aqueous phase during the electrocoagulation based on a stoichiometric model can be expressed by Eq. 12.
Materials and methods

Materials
The sodium chloride (purity ! 98%) used was from Merck (Germany) and the bovine serum albumin (BSA), lysozyme (both proteins minimum 98% electrophoretically pure) and (þ)-catechin (purity ! 98%) were from Sigma (USA). Aluminium plates used as electrodes in all the experiments were of the 1100 type (purity ! 99%). High-purity water prepared with a Milli-Q system (Millipore, USA) was used in all the experiments. All other chemicals used were of at least analytical grade. A DU 650 spectrophotometer (Beckman, USA) was used for spectrophotometric measurements. C-were selected based on preliminary experiments: at the time chosen a good removal efficiency of BSA could be achieved and that at room temperature the proteins are stable. Initial concentrations of proteins (BSA and lyzozyme) and phenolic compound (catechin) were at the same order of magnitude as the ones observed for these compounds in plant leave extracts. The solutions in the cell were strongly stirred (1,000 rpm with a 10 mm magnetic bar) in order to avoid mass transport limitation on the electrocoagulation performance. 16 This was verified by detection of constant concentration of the compounds in solution with time after disconnecting the current. The temperature of the solutions was monitored during the whole process. Strong buffer solutions 2-(N-morpholino) ethanesulfonic acid (MES) for pH 5.5, 3-(N-morpholino) propanesulfonic acid (MOPS) for pH 7.0, and tris (hydroxymethyl) aminomethane (TRIS) for pH 8.0, 9.0, and 10.0, all at 100 mmol/L were used in order to maintain the pH constant (as experimentally verified). The pH range of 5.5-10.0 was selected in order to maintain the formation rate of aluminium hydroxide constant, as it has been proven that the rate of formation of aluminium ions is practically constant at this range. 6, 7 Another reason for using such strong buffer systems was to complex the chlorine ions liberated during the electrocoagulation avoiding the indirect oxidation of the biological compounds. The current was varied with variable transformer (60 Hz) and NaCl (200 mmol/L) was used as the electrolyte in all experiments. During the experiments, which lasted 1 h, 1.0 mL samples were taken at different times, centrifuged at 5 C, 12,000g for 15 min and analyzed for component concentration.
Methods
Analytical Methods. BSA and lysozyme concentration in the solutions was determined with Bradford's method. 17 Catechin was quantified as described by Price and Butler. 18 
Results and discussion
The Dependence of Aluminium Hydroxide Formation on the Current
To determine the dependence of the aluminium hydroxide formation on the current applied, a set of experiments was run at pH 8.0 where the current applied on the electrodes was varied and the mass of gel produced during 1 h was determined. The pH 8.0 was selected, because several authors reported this condition as the electrocoagulation condition of the highest efficiency for the removal of different types of compounds such as essential oil, boron, and grease. [19] [20] [21] The gel was separated from the solution by filtering it on 0.22-lm membrane filter and dried at 100 C for 30 min. The results obtained ( Figure 1 ) were fitted to the Eq. 6 and the values for the rate coefficient (k 3 ¼ 46.8) and formation order (n ¼ 3.0) were determined (R 2 ¼ 0.923). Therefore, n ¼ 3 should be used in both models (Eqs. 9 and 13), as this parameter is not dependent on the component but only on the hydrolysis reaction.
Experimental Verification of the Models
To validate the models, a series of experiments was conducted with catechin or BSA at pH 8.0. The current used in each experiment was varied and the experimental results in the terms of component concentration as function of time during electrolysis were compared with the predicted ones. The non-stoichiometric model fitted well only to the data for catechin (Figure 2 ). For catechin, the selectivity constant (k catechin,non-sto ) was calculated to be 247.0 by nonlinear regression (global coefficient of determination equals to 0.912). Hence,
Good agreement between the measured and predicted concentrations of the catechin during the process were observed (Figure 2) .
On the other hand, the stoichiometric model demonstrated satisfying results only when fitted to the data for BSA (Figure 3) with a selectivity constant (k BSA,sto ) of 2.66 (global coefficient of determination 0.950). Hence,
As in the case of catechin, good agreement between the measured and predicted concentrations of BSA was observed (Figure 3) .
Because the catechin showed the non-stoichiometric complex formation, we concluded that only a small part of the binding sites of aluminium hydroxide gel ( Figure 4a ) were occupied by this compound. In the case of aluminium hydroxide gel-BSA complex formation-a stoichiometric mechanism was observed meaning that this compound occupies a large part of the binding sites available on the gel surface. This can be explained by the fact that the protein BSA is a macromolecule and therefore it occupies a much larger fraction of the binding sites (Figure 4b) as the much smaller molecule catechin.
Effect of pH on Electrocoagulation
The electrocoagulation experiments with catechin and BSA in solutions of 200 mmol/L NaCl and varying pH from 5.5 to 10.0 showed that pH strongly affects the process (Figures 5 and 6 ). The models fitted well the results of the electrocoagulation for both compounds (Table 1) at the conditions studied. Since the pH does not affect the rate of aluminium dissolution at this range of pH 6, 7 it was presumed that the reaction order of aluminium hydroxide formation is not affected by this parameter and that the effect of pH on the process is probably because of the charge of these compounds as well as the superficial charge of the aluminium hydroxide gel formed. The highest removal of catechin was obtained at high pH with a maximum at pH 8.0 ( Figure 5 ). In the case of BSA (a protein with acidic pI of 4.80), a pH of electrocoagulation equal to 8.0 also allowed the highest removal of the protein ( Figure 6 ). Values of pH above 9.0 considerably lowered the protein removal efficiency. However, lysozyme (protein with basic pI of 11.35) did not show any affinity at all towards aluminium hydroxide under the conditions studied (data not shown). The results of the regression for catechin and BSA are reported in Table 1 .
At pH higher than 8.5 the aluminium hydroxide formed loses its positive charge 6, 7, 14 and therefore the adsorption of BSA is reduced, since under this condition the gel and protein no longer have opposite charges. In the case of the catechin removal, the effect of the pH on the process is somewhat opposite. The removal of catechin was more pronounced at pH 8.0, 9.0, and 10.0, where more neutral aluminium hydroxide gel is formed. The drop in the efficiency of catechin removal at pH above 8.0 can be explained by the fact that phenolic compounds have an pI around 10, which diminishes their interaction with aluminium hydroxide gel as the pH of the system gets close to this value. The maximal removal for BSA and catechin at pH 8.0 (vicinity of the aluminium hydroxide pI) corroborates with the work of Yilmaz et al. 20 that found that the optimal boron removal was also obtained at this same pH.
These results also suggest that the electrocoagulation can be used in separations of proteins (lysozyme was not removed by this technique) or phenolic compounds from proteins (since catechin could be extensively removed pH up to 10 but not BSA). 
Conclusions
In this study, simple time-dependent models for electrocoagulation of biological compounds from solutions were developed based on either stoichiometric complex formation between aluminium hydroxide gel and the compound (Eq. 16) or the partition of the compound between the aqueous and the aluminium hydroxide gel phase (Eq. 17).
Theoretical and experimental analysis demonstrated that a relevant parameter in the process of electrocoagulation of biological materials such as the phenolic compound catechin and the protein BSA is the current applied, as it affects the rate of aluminium hydroxide formation. Another equally important parameter is the pH of electrocoagulation, because it not only affects the charge of the components to be removed, but also affects the charge of the aluminium hydroxide. The present work indicates that separation of proteins and/or of phenolic compounds from proteins could be possible, as they interact differently with aluminium hydroxide produced electrochemically and this interaction can be readily manipulated by the pH of the process. 
